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Abstract: Cellulose nanofibrils (CNFs) are nanomaterials with promising properties to be used in
food packaging and printed electronics, thus being logical substitutes to petroleum-based polymers,
specifically plastics. CNFs can be combined with other materials, such as clay minerals, to form
composites, which are environmentally friendly materials, with acceptable costs and without com-
promising the final properties of the composite material. To produce composite films, two strategies
can be used: solvent casting and filtration followed by hot pressing. The first approach is the simplest
way to produce films, but the obtained films may present some limitations. In the present work,
CNFs produced using enzymatic or TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical) oxidation
pretreatments, followed by high-pressure homogenization, or only by mechanical treatment (ho-
mogenization), were used to produce films by both the available procedures. The films obtained by
filtration + hot pressing presented higher tensile strength and Young’s modulus compared with those
obtained by solvent casting. In general, a decrease in the values of these mechanical properties of
the films and a decrease in elongation at break, with the addition of sepiolite, were also observed.
However, for the TEMPO CNF-based films, an improvement in tensile strength could be observed for
10% of the sepiolite content. Furthermore, the time necessary to produce films was largely reduced
by employing the filtration procedure. Finally, the water vapour barrier properties of the films
obtained by filtration are comparable to the literature values of net CNF films. Thus, this technique
demonstrates to be the most suitable to produce CNF-based composite films in a fast way and with
improved mechanical properties and suitable gas barrier properties.

Keywords: biodegradable materials; nanocomposite films; tensile strength; Young’s modulus;
water permeability

1. Introduction

Nowadays, petroleum-derived plastics are widely used in general applications, such
as food packaging and printed electronics, as well as in many other applications. The
low cost of petroleum-based plastics, their excellent water barrier properties, and their
suitable mechanical properties can be pointed out as the main reasons for their large use.
On the other hand, the industrial production of plastic films is very well established, and
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properties with lower acceptability, for instance, oxygen barrier, can be improved by the
addition of thin layers of other materials, such as ethylene vinyl alcohol, polyamide, or
aluminium, largely increasing the barrier capacity [1].

However, the emerging environmental concern of the population around the world can
be the driving force to change to environmentally friendly alternatives, such as cellulose-
based films [2,3]. Presently, macro- and microplastics are one of the major sources of
pollution in the oceans and water streams, as well as of soil pollution [4]. Thus, it is urgent
to find materials suitable to substitute plastics in most of the applications, mainly for
single-use purposes, such as food packaging. It is estimated that the amount of plastic
raw materials used for food packaging ascends to 200 Mt every year [5], polyethylene
terephthalate, polyvinyl chloride, and polyethylene of low and high density being the most
used plastics, all petroleum based. These materials are not biodegradable, since they need
several hundred years to degrade in nature, resulting in a very high ecological footprint.

Bio-based alternatives, such as cellulose-based films, emerge as an interesting alter-
native to common plastics. Amongst the possible cellulose-based materials suitable to
produce films able to substitute plastics in food packaging and printed electronics, the cel-
lulose nanofibril-based ones constitute an interesting choice. Cellulose nanofibrils (CNFs)
are attractive materials due to their excellent properties, such as large specific surface
area, high stiffness and strength, low density, high biocompatibility, good film-forming
capability, and biodegradability [6]. Thus, in recent years a lot of attention has been given
to materials derived from CNF for different applications. However, CNFs are still quite
expensive materials, mainly due to the high energy and/or chemical pretreatments, usually
applied in their preparation. Additionally, the barrier properties of CNF-based materials
are many times reduced, mainly in high-moisture conditions. Therefore, novel strategies
are needed to overcome some drawbacks of the CNF-based materials and allow large-scale
application. These strategies can involve, for example, the preparation of CNF-mineral
composites [2,7,8].

A brief literature survey about CNF–clay mineral composites reveals that most of
the reported works have dealt with planar minerals, such as montmorillonite [2,9], ver-
miculite [10], and kaolinite [11]. Only a few studies reporting composites using fibrous
minerals, such as sepiolite, are available. For example, Ghanadpour et al. studied the
use of sepiolite to produce polyethylene/phosphorylated CNF/sepiolite composites with
flame retardancy properties [12]. Fibrous clay minerals, such as sepiolite and palygorskite,
present a shape similar to that of CNFs, being composed of bundles and individual long
rods with a thin diameter (up to 2–3 µm in length and less than 100 nm in thickness [13]).
This fibre shape of sepiolite could lead to a good interfibrillar interaction with CNFs and
induce a lower loss of mechanical properties of the produced composites, depending on
the CNF properties and the mineral content. To produce CNF-based composite films, two
main techniques are available: solvent casting and filtration method, the first one being the
most used, due to its simplicity and wide range of application, as well, the most used for
pilot/large-scale films [14].

In the present study, the use of a fibrous clay (sepiolite), as a filler/reinforcing agent
of composite films, was investigated in combination with different CNF types to produce
composite films with potential application in food packaging. Additionally, the effect of
the preparation method and the formulation of the composite was explored. In particular,
composite films were prepared both by solvent casting, and by filtration followed by hot
pressing; on the other hand, three different types of CNF were studied: one prepared using
solely mechanical treatment (CNF Mec), one obtained with an enzymatic pre-treatment
(CNF Enz), and one obtained with an oxidation pretreatment with sodium hypochlorite
in the presence of TEMPO radical (TEMPO CNF). In addition, different levels of sepiolite
incorporation (up to 50%, w/w) were evaluated. The mechanical and optical properties
were assessed for all the prepared composite films, and their microstructure was analysed
by electron microscopy (SEM). Finally, the water vapour barrier properties were studied



Coatings 2022, 12, 303 3 of 12

for the films prepared by filtration + hot pressing due to the better mechanical properties
obtained for these films.

2. Materials and Methods
2.1. Cellulose Nanofibril Preparation

The three different types of cellulose micro-/nanofibrils were produced from an in-
dustrial never-dried bleached Eucalyptus globulus kraft pulp supplied by a Portuguese pulp
and paper company (The Navigator Company, Cacia, Portugal) following methodologies
described elsewhere [15,16]. The cellulose fibres were first refined at 4000 rev. in a lab-
oratory PFI beater to make the fibrils more accessible. Afterwards, to produce TEMPO
CNF, the fibres were oxidized with NaClO using a ratio of 4 mmol of NaClO per g of dry
pulp and catalytic amounts of TEMPO and NaBr (0.016 g of TEMPO and 0.1 g of NaBr per
g of dry pulp), according to a methodology developed by Saito et al. [17]. The oxidized
fibres were filtered and washed thoroughly with distilled water until constant conductiv-
ity (close to the value of the distilled water). On the other hand, to produce enzymatic
micro-/nanofibrillated cellulose, a commercial enzyme (endocellulase) was used. The
beaten fibres were suspended in water (3.5% consistency), and the pH was adjusted to 5 by
the addition of sodium citrate buffer. The suspension was heated to 50 ◦C under constant
mechanical stirring, and the enzyme was added (300 g of enzyme solution per ton of dry
pulp; 1.9 g of protein per ton). The cellulose hydrolysis was stopped after 2 h by heating
the suspension to 80 ◦C for 15 min to denature the enzyme. The resulting suspension was
cooled to room temperature, and the treated fibres were filtered and washed with distilled
water until constant conductivity. To produce the sample without pretreatment, the cellu-
lose fibres were refined up to 10,000 rev. in the PFI laboratory beater. Finally, the pretreated
and nonpretreated fibres were mechanically treated in a high-pressure homogenizer (GEA
Niro Soavi, model Panther NS3006L, GEA Group Aktiengesellschaft, Düsseldorf, Germany)
using two passes, first at 500 bar and next at 1000 bar. The obtained CNF samples were
designated Mec (only mechanical treatment in the high-pressure homogenizer), Enz (pre-
treated with enzyme, followed by high-pressure homogenization), and TEMPO (pretreated
by oxidation mediated by TEMPO radical, followed by high-pressure homogenization).
The solid content of the obtained suspensions was 0.74, 0.94, and 0.90 (wt%) for CNF Mec,
CNF Enz, and TEMPO CNF, respectively.

2.2. Cellulose Nanofibril Characterization

The yield of fibrillation was determined in duplicate after centrifugation of CNF aque-
ous suspensions (0.05 wt%) at 9000 rpm for 30 min. The carboxyl content was determined
in duplicate by conductometric titration of aqueous suspensions of CNF (acidified to pH of
ca. 3 using HCl) with NaOH 0.01 M. The degree of substitution (DS) by carboxyl groups of
the CNF was estimated from the CNF carboxyl content. Intrinsic viscosity measurements
were performed in the CNF suspension by dissolving it in cupriethylenediamine, according
to the ISO standard 5351:2010. The degree of polymerization (DP) was then calculated
using the Mark–Houwink equation, with the parameters K = 0.42, a = 1 when DP < 950
and K = 2.28, and a = 0.76 when DP > 950 [18]. The obtained CNFs were also characterized
in terms of zeta potential and particle size. The zeta potential measurements were carried
out in a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) to evaluate the nanofiber
“surface” charge. For these measurements, 0.05 wt% suspensions of the different CNF sam-
ples were prepared by dilution of the stock CNF suspensions and gently transferred to the
measuring cells. The particle size measurements were performed in the same equipment of
zeta potential, applying the dynamic light scattering technique and using the supernatants
obtained from the centrifugation of the CNF suspensions at 0.05 wt%. The supernatants
were transferred to special glass cells and measured using a 532 nm laser source and a
detection angle of 173◦. The reported zeta potential and particle size values consisted of an
average value of 6 repetitions for each sample. The transmittance of CNF suspensions at
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0.1 wt% was measured using a Jasco V550 spectrophotometer (Jasco, Tokyo, Japan), taking
the transmittance value (%) at 600 nm.

2.3. CNF-Based Film Preparation

A suspension of 1.0 wt% sepiolite (SEP) in water was prepared from a sample sup-
plied by Tolsa, SA (Madrid, Spain), using a high-shear disperser (Dispermat CV3-PLUS-E,
VMA-Getzmann GmbH, Reichshof, Germany) at 5000 rpm for 15 min. The raw sepio-
lite material had been obtained from the deposit of Vallecas-Vicálvaro (Madrid, Spain),
and processed by dry micronization using a jet mill to break the fibre bundles down into
micron-size particles (with a weighted mean value of particle size by volume, D (4,3), of
12.3 µm).

The different films were prepared using two different approaches: by filtration fol-
lowed by hot pressing (F + HP) and by solvent casting (SC) (Figure 1). For the films prepared
by filtration, suspensions containing 0.2 wt% of the different CNF or CNF + mineral were
prepared, weighing the necessary amounts of the original suspensions of CNF (according
to the solid content of each suspension) and the suspension of sepiolite (1.0 wt%) previously
described. The dispersion of CNF or a mixture of CNF with sepiolite was made in the same
high-shear disperser at 1000 rpm for 10 min. Then, the prepared suspensions were filtered
using a filtration unit purchased from Kimble Ultra-Ware Filtration Systems (DWK Life
Sciences GmbH, Mainz, Germany) and cellulose acetate membranes with 0.45 µm pore and
90 mm diameter supplied by Filtratech. After filtration, the films were dried using a rapid
dryer for laboratory sheets (Lorentzen & Wettre, model 257, Lorentzen & Wettre GmbH,
Munich, Germany). The drying was performed using a temperature of 110 ◦C for 10 min.
Films were designed to have a basis weight of ca. 40 g/m2. For the preparation of films by
solvent casting, suspensions at 0.2 wt% were prepared using the different CNF, without
and with mineral, as described above, and then poured into 9 cm plastic petri dishes and
left to dry at 40 ◦C in an oven. Due to volume limitations of the dishes, only films with ca.
25 g/m2 were prepared using this technique. Although films with different basis weights
were prepared by the two techniques, the major role was played by the preparation method
and by the ratio clay/CNF, and not by the basis weight of the film.

Figure 1. Illustration of the procedures used to prepare the CNF-based composite films.

2.4. CNF-Based Film Characterization

The basis weight of each prepared film was determined by dividing the mass of the
dried film (at 40 ◦C for the SC films and at 110 ◦C for the F + HP films) by the respective
area. Thickness was measured using a micrometre (Adamel Lhomargy, model MI 20,
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Roissy-en-Brie, France); 10 measurements were made for 2 replicate films, and the reported
value corresponded to the average of these measurements. The transparency of the films
was determined according to the ISO 22891 standard, using a Technidyne Color Touch 2
spectrophotometer (Technidyne Corporation, New Albany, Indiana, USA); 2 replicate films
were measured by applying the illuminant D65 and the observer 10◦. Tensile tests were
performed according to the ISO 1924-1 standard at 23 ± 1 ◦C and 50 ± 2% RH. The tests
were performed in a tensile tester (Thwing-Albert Instrument Co., EJA series, West Berlin,
NJ, USA) with the following setup: an initial gap between grips of 5 cm and a tensile rate
of 5 mm/min. Tensile strength and Young’s modulus as well as strain at rupture were
measured, and the reported values reflect the average of four specimens for each film type.
Scanning electron microscopy (SEM) images were obtained for the cross section of the films
after cryofracture of the samples to evaluate the microstructure, homogeneity, compactness,
and compatibility of the different components. Uncoated samples were deposited directly on
the carbon tape. SEM was performed using a tungsten cathode scanning electron microscope
(Jeol, SM 6010LV/6010LA, Tokyo, Japan), and the images were obtained in secondary electron
mode, using an acceleration voltage of 1 kV and a working distance of 9 mm.

Water vapour barrier properties were also measured for some selected films. The water
vapour transmission rate (WVTR) expressed in g/(m2·day) and water vapour permeability
(WVP) expressed in g/(Pa·day·m) were evaluated at 23 ± 1 ◦C and 50 ± 2% RH by
gravimetric method according to the standard protocol ASTM E96-00. The mass changes
(∆m) were monitored every hour for 48 h. The WVTR was calculated by the ratio between
the slope of the straight line (∆m/∆t) and the exposed film area in m2. WVP was calculated
from the WVTR value by considering the thickness of the film [19].

2.5. Statistical Analysis

The experiments were performed in duplicate, and data were subjected to one-way
analysis of variance (ANOVA) to analyse statistical differences between preparation meth-
ods and sample composition. Statistical significance was set at p < 0.05 using SPSS (SPSS
Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. CNF Preparation and Characterization

Micro-/nanofibrillated celluloses were prepared following the procedures described
above. The main properties of the obtained samples are summarized in Table 1.

Table 1. Characterization data of the obtained CNF samples.

Sample Yield of
Fibrillation (%)

Degree of
Polymerization

CCOOH
(mmol/g)

Transmittance,
600 nm (%)

Particle Size,
D0.5 (nm)

Zeta Potential
(mV)

Mec 6.5 2287 0.12 4 861 ± 151 −14 ± 4
Enz 16.6 960 0.14 8 436 ± 49 −18 ± 2

TEMPO 49.3 381 0.74 29 381 ± 19 −42 ± 10

The yield of fibrillation obtained for the different CNF samples ranged from a very
low fibrillation degree for the sample subjected only to the high-pressure homogenization
step (Mec sample) to a moderate fibrillation degree for the sample pretreated with TEMPO
radical and a relatively low quantity of sodium hypochlorite. These results were certainly
correlated with the higher charge density induced by the high degree of substitution by
carboxyl groups obtained for the sample oxidized by NaClO in the presence of TEMPO
radical; in the latter case, the carboxyl groups were more abundant (0.74 mmol/g), and
at a pH value above the pKa of the carboxylic acid (pKa of COOH/COO− is ca. 4.8),
the presence of a high content of ionized groups on the surface of the cellulose fibres
led to the swelling of the fibres and facilitated the fibrillation during the high-pressure
homogenization step [20]. However, the oxidation mediated by TEMPO also led to an



Coatings 2022, 12, 303 6 of 12

accentuated decrease in the DP of cellulose, which occurred due to the degradation of the
cellulose chains. The reduction of DP induced by TEMPO-mediated oxidation is frequently
observed to be caused by the cleavage of the (1-4)-β-glycosidic bonds by active radical
species that appear during the oxidation and/or by β-elimination due to the formation
of aldehyde groups on the C6 as intermediate structures in alkaline pH conditions [21].
Additionally, the homogenization step can lead to some depolymerization of the oxidized
fibres. On the other hand, the enzymatic pretreatment, which can hydrolyze selected
external parts of the cellulose fibres and improve the accessibility to the fibrils, resulted
in a slight increase in the yield of fibrillation and a decrease in the DP compared with the
sample with only mechanical treatment.

The particle size obtained for TEMPO CNF was considerably smaller than that ob-
tained for the sample prepared only by mechanical treatment. For CNF Enz, the particle
size obtained was in between the CNF Mec and TEMPO CNF values, in line with the
results obtained for the DP. In terms of surface charge, the value obtained for the TEMPO
CNF was higher than those of the other two samples due to the larger presence of COO−

groups in the nanofibrils. As expected, derived from the smaller particle size and higher
zeta potential, the transmittance of the TEMPO CNF suspension was higher than that of
the other samples. This was the result of the presence of nanofibers of smaller dimensions
and of the lower aggregation of nanofibers due to higher charge repulsion and counterion
entropy, which led to better-dispersed particles that scatter less light and rendered the
suspension less opaque.

3.2. CNF-Based Composite Film Characterization
3.2.1. Optical Properties

Suspension properties also have an impact on the materials produced, with the films
obtained from TEMPO CNF more transparent than those obtained from CNF Mec or
CNF Enz (Table 2 and Figure 2). On the other hand, the addition of sepiolite reduced the
transparency of the films, this reduction being more pronounced when 50% of sepiolite
was added to the films (Table 2). Sepiolite is an opaque and coloured material, and the
incorporation of this mineral in the composite matrix led, therefore, to a higher light
absorption/dispersion, this phenomenon being of potential interest to some applications
where the UV radiation protection is important, such as food packaging [22]. It was also
observed that, for each formulation type, the films prepared by filtration showed lower
transparency than the films obtained by solvent casting, which is believed to be mainly a
consequence of their larger basis weight (ca. 40 vs. 25 g/m2, Table 2) and density.

Table 2. Basis weight, thickness, and optical properties of the obtained films.

Film
Basis Weight (g/m2) Thickness (µm) Transparency (%)

SC F + HP SC F + HP SC F + HP

Mec 25.7 ± 1.3 40.5 ± 0.5 39.0 ± 4.3 (a) 33.8 ± 4.1 (d) 68.5 ± 5.8 (a’) 59.3 ± 0.8 (f’)
Mec + 10% SEP 23.9 ± 0.8 40.2 ± 1.4 39.2 ± 3.2 (a) 47.6 ± 10.0 (a) (b) (c) (d) 62.5 ± 0.7 (b’) 43.4 ± 8.8 (c’) (d’) (g’)
Mec + 50% SEP 25.1 ± 1.3 37.6 ± 1.1 46.7 ± 1.6 (b) 44.5 ± 4.9 (b) 41.6 ± 1.0 (c’) 27.6 ± 1.2

Enz 24.7 ± 1.5 41.1 ± 0.6 37.9 ± 3.9 (a) 33.2 ± 1.8 (d) 67.2 ± 1.4 (a’) 60.5 ± 0.3 (b’)
Enz + 10% SEP 25.8 ± 1.5 43.3 ± 4.5 42.1 ± 1.3 (c) 41.5 ± 2.9 (c) 61.6 ± 1.9 (b’) 49.5 ± 2.8 (g’)
Enz + 50% SEP 25.1 ± 1.7 39.4 ± 0.6 47.7 ± 4.8 (b) 44.8 ± 2.7 (b) 43.7 ± 1.5 (d’) 31.2 ± 0.2 (h’)

TEMPO 23.8 ± 1.7 40.8 ± 0.8 33.0 ± 9.3 (a) (c) (d) (e) 39.1 ± 4.8 (a) 84.1 ± 0.9 82.9 ± 0.1
TEMPO + 10% SEP 23.9 ± 1.9 40.0 ± 0.7 25.4 ± 3.8 (e) 36.4 ± 0.8 (a) 78.5 ± 2.2 63.1 ± 8.8 (a’) (b’) (e’) (f’)
TEMPO + 50% SEP 23.1 ± 1.8 39.7 ± 2.3 28.0 ± 3.9 (e) 42.1 ± 2.1 (c) 55.7 ± 2.8 (e’) 31.8 ± 4.1 (h’)

Mean values with the same letter are not significantly different (p < 0.05). Thickness: (a) to (e); transparency: (a’) to (h’).

The properties of the films are also very dependent on the preparation procedure, as
can be observed in Figure 2, with the films prepared by solvent casting more wrinkled
compared with those obtained by filtration. This difficulty in obtaining films without
wrinkles is even greater when sepiolite is added to the film formulations, mainly at high
levels of incorporation (50%). The films obtained by filtration are flatter and more regular
compared with those obtained by solvent casting. Wrinkles in the film may have a negative
impact not only on the optical properties but also on the mechanical performance of the
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films. Besides the better visual aspect, the preparation time was also significantly lower
for the films prepared by filtration (30 times faster); additionally, this method allows the
preparation of higher basis weight films.

Figure 2. Digital photographs of the films prepared by filtration + hot pressing from CNF Mec (left)
and TEMPO CNF (right).

3.2.2. Mechanical Properties

The mechanical properties obtained for the films prepared by solvent casting and
filtration + hot pressing, without and with the addition of 10 and 50 wt% of sepiolite, are
depicted in Figure 3.

Figure 3. Mechanical properties of the films prepared by solvent casting (blue bars) and by filtration
+ hot pressing (orange bars). Tensile strength (full bars) and Young’s modulus (empty bars). Same
letter above the bars means no statistical difference (p < 0.05) between preparation methods (tensile
strength: (a) to (d); Young’s modulus: (a’) to (f’).

In general, it was observed that the films prepared by filtration followed by hot
pressing presented better mechanical properties compared with the corresponding films
prepared by solvent casting (i.e., both the tensile strength and Young’s modulus were
improved). Additionally, it was possible to infer that the incorporation of high contents
of sepiolite (50%) led to films of lower mechanical performance, but the presence of 10%
sepiolite, in some cases, resulted in an increase in tensile strength compared with the
respective net CNF films, namely, for CNF Mec + 10% sepiolite (solvent casting) and TEMPO
CNF + 10% sepiolite (filtration + hot pressing). This phenomenon is more pronounced in
the case of TEMPO CNF, probably due to the higher degree of fibrillation, which results
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in fibrils of smaller dimensions and the possibility of a better entanglement of CNF and
sepiolite fibres. Additionally, the mixture of charged CNF (TEMPO CNF) with clay minerals
can result in a better dispersion state of the mineral and allow a good entanglement of
the mineral and CNF [2]. A similar trend was observed in works dealing with films of
TEMPO-oxidized CNF and montmorillonite, a planar clay mineral: an increase in tensile
strength with the increment of clay content in the nanocomposite up to 10% [23]. The values
reported for the tensile strength and Young’s modulus were higher than those obtained
in the present work, but it is important to note that this kind of layered clay minerals can
be easily exfoliated and form exfoliated nanocomposites with good mechanical properties.
Notwithstanding, compared with the results reported in the literature for ultrasound-
assisted nanocomposite membranes of sepiolite and CNF, our composites presented higher
mechanical properties for all the combinations studied [24]. On the other hand, the addition
of sepiolite to the films prepared by filtration also resulted in a decrease in the elongation at
break (Appendix A, Table A1), with the decrease for 50% of sepiolite more pronounced for
the cases of CNF Mec and Enz than for the case of TEMPO CNF. For the films prepared by
solvent casting, this variation was not so obvious, and in fact, no decrease in the elongation
at break was observed for 10% of sepiolite; for 50% of sepiolite, the elongation at break
was reduced for CNF Mec and Enz but not for TEMPO CNF, where an apparent increase
was found. The decrease in the elongation is indicative of a decrease in the ductility of the
material and is probably related to changes in the interactions between the two involved
fibrous components induced by formulation variations. It is important to note that CNF Mec
presented particles of larger size; this is indicative of the presence of not only fibres/fibrils
of longer size but also thicker fibres/fibrils when compared with TEMPO CNF. These longer
and thicker fibres/fibrils can result in net CNF films with better mechanical properties,
as observed for the tensile strength, but poor interaction with sepiolite is expected due
to lower fibril content. Additionally, sepiolite fibres/bundles are more rigid than CNF
fibres/fibrils. Thus, an increase in sepiolite content, mainly for the cases of formulations
containing CNF with a low degree of fibrillation, is expected to lead to a decrease in the
ductility of the material.

3.2.3. Morphological Properties

The surface and the cross section of the films prepared were observed by electron
microscopy (Figures 4 and 5).

The surface and the cross section of the films obtained by solvent casting and filtration
presented some differences. The images of the surface of the films prepared by solvent
casting revealed an irregular wrinkled surface (Figure 4c), contrary to the surface of the films
prepared by filtration (Figure 4d), which appeared very regular and smooth. Additionally,
the cross section of the films showed differences, with the film prepared by filtration in an
oriented layered structure (Figure 4b) and the film obtained by solvent casting in a less
oriented organization (Figure 4a). In fact, the filtration process (Figure 1) can play a key
role to form well-defined layers of CNF/CNF + sepiolite, and this will positively impact
the mechanical properties of the films. On the other hand, the final hot-pressing step used
for the films produced by filtration can perhaps explain the smoother and regular surface
of these films.

Likewise, the microstructure and the surface of the prepared composite films were
observed by SEM (Figure 5).

From the images obtained for the cross section of the composite films, no segregation
between CNF and sepiolite was observed. Again, the films prepared by filtration appeared
in a more structured organization in layers (Figure 5b), which led to better mechanical
performance. It is important to note that the film prepared by filtration using TEMPO CNF
and 10% sepiolite presented better mechanical properties (higher tensile strength) than
that using net TEMPO CNF, whereas the corresponding films prepared by solvent casting
showed similar mechanical properties (tensile strength and Young’s modulus) to each other.
This improvement was pronounced for the film prepared by filtration, perhaps due to the
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better alignment of the particles in the film. It is important to note that the incorporation of
sepiolite in the films prepared using CNF Mec and Enz resulted in an increment trend in
the thickness of the film for the same basis weight. This increment in thickness was not
evident for the films prepared using TEMPO CNF, which can explain the lower decline
in mechanical properties presented by the TEMPO CNF-based composite films. This
difference in thickness increase by the addition of sepiolite can be probably explained by
a better packing of the mineral and CNF particles due to the reduced dimensions and
improved flexibility of TEMPO CNF fibrils, which also resulted in a highly entangled
network and films with better mechanical properties with added sepiolite.

Figure 4. Scanning electron microscopy images of enzymatic CNF films prepared by solvent casting
(a,c) and filtration + hot pressing (b,d). Cross section of the films (a,b); surface (c,d).

Figure 5. Scanning electron microscopy images of TEMPO CNF films containing 50% sepiolite. Films
prepared by solvent casting (a,c) and filtration + hot pressing (b,d). Cross section of the films (a,b);
surface (c,d).
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3.2.4. Barrier Properties

The compactness of the films can also impact the barrier properties, with this property
of major importance in food packaging. Table 3 summarizes the results obtained for the
water vapour barrier properties of a few prepared films. In fact, an increment in water
vapour transmission rate (WVTR) with the incorporation of sepiolite (20%) was noticed
up to 80% for the films prepared using CNF Enz. The same trend was observed for the
films prepared using CNF Mec but with lower extension (about 30%). For the films with
TEMPO CNF, the incorporation of sepiolite seemed to have a slightly positive impact
on the water vapour barrier. Overall, the obtained results are in line with or are even
slightly better than the values reported in the literature for net CNF films or CNF/sepiolite
composite films [24,25], with our films presenting a WVTR ranging from 184, 104, and
216 g·m−2·d−1 (films of net CNF Mec, Enz, and TEMPO, respectively) to 233, 186, and
176 g·m−2·d−1 (composite films prepared with CNF Mec, Enz, and TEMPO, respectively).
The water vapour permeability (WVP) results showed a similar trend compared with the
WVTR results, with an increase in WVP observed with the incorporation of sepiolite, with
the exception of the films prepared with TEMPO CNF, in which a slight decrease was
observed. Our composite films present WVP values in line with or even lower than those of
plastics, such as polylactic acid (PLA), but higher than those of others, such as low-density
polyethylene (LDPE) or polycaprolactone (PCL) [26,27], which means that our films present
barrier properties similar to or better than those of PLA films, but worse than those of
LDPE or PCL films.

Table 3. Barrier properties of the films obtained by filtration + hot pressing.

Film WVTR (g·m−2·d−1) WVP × 106 (g·m·m−2·d−1·Pa−1)

Mec 184 7.3
Mec + 20% SEP 233 8.3

Enz 104 3.4
Enz + 20% SEP 186 5.4

TEMPO 216 6.5
TEMPO + 20% SEP 176 5.4

4. Conclusions

The formulation and the preparation method play key roles in the properties of
CNF-based composite films. The addition of sepiolite, a fibrous mineral, in general, led
to a decrease in the mechanical performance (tensile strength and Young’s modulus) of
the films, except for the TEMPO CNF case, in which an improvement in tensile strength
could be observed for a low level (10%) of mineral incorporation. The higher degree of
fibrillation of this CNF could justify this result by promoting the formation of an entangled
network with the mineral fibres. A decrease in the film ductility was also observed, as
measured by the decrease in the elongation at break of the films with the increase in the
mineral content. Conversely, the water vapour barrier properties suffered a decrease by the
incorporation of fibrous mineral into the composite formulations containing CNF Mec or
CNF Enz. These could be due to changes in the film compactness, with the incorporation
of the fibrous mineral, which allows the water molecules to better diffuse through the film
and reduce the barrier properties. In contrast, for the films with TEMPO CNF, similar to the
improvement in the strength properties, the water vapour barrier apparently underwent
a slight improvement with the incorporation of sepiolite. Overall, the films prepared
by filtration followed by hot pressing presented better mechanical properties and fewer
wrinkles. This method allows the preparation of films in the fastest way compared with
solvent casting, the most used technique, and the films are of better quality, being an
interesting option for the preparation of this kind of materials. Nevertheless, it should be
mentioned that this method may not be cheap compared with solvent casting, especially
at the industrial level, due to the equipment necessary for its implementation. Finally, it
can be said that the films prepared by filtration + hot pressing of net CNF Enz and TEMPO
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CNF containing a low amount of sepiolite (10%–20%) overall have a better balance between
mechanical, optical, and barrier properties.
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Appendix A

Table A1. Maximum force and elongation at break of the different films.

Sample
Solvent Casting Filtration + Hot Pressing

Force Max. (N) Elongation at Break (%) Force Max. (N) Elongation at Break (%)

Mec 32.7 5.6 71.5 10.5
Mec + 10% Sep 38.7 6.7 53.2 7.2
Mec + 50% Sep 14.2 3.5 24.4 2.8

Enz 24.5 2.5 51.9 5.0
Enz + 10% Sep 24.7 2.8 44.4 3.8
Enz + 50% Sep 8.7 1.7 19.0 1.3

TEMPO 15.1 1.5 25.6 2.3
TEMPO + 10% Sep 13.5 1.7 43.9 1.2
TEMPO + 50% Sep 14.2 3.5 19.3 1.5
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